ABSTRACT The polar lipids on the surface of the Old World sand ßy, Phlebotomus papatasi (Scopoli), were analyzed by high-resolution mass spectrometry. Blood-fed females and nonblood-fed females and males were separately analyzed and compared. The major polar lipids were found to be long-chain diols and fatty acids. Relatively high levels of diacylglycerols were found in blood-fed females and in males. A wide variety of lipids were found at low levels, including esters, sterols, monoacylglycerols, and hydroxy fatty acids. Blood-fed females had several lyso lipids and N-acyl amino acids that were not found on unfed females or males. These substances may be surfactants used in blood feeding. Heneicosenoic acid was found on females at more than twice the level of males, suggesting it could be a component of a female pheromone. Four substances were identiÞed on males at twofold higher levels than on females: tetradienoic acid, methoxyhexadecasphinganine, butyl octadecanoate, and diacylglycerol(14:1/12:0/0:0). These could be short-range pheromones involved in courtship, and they will be further analyzed in future behavioral bioassays.
Phlebotomine sand ßies are the vectors of the pathogens that can cause leishmaniasis (Ready 2013) , as well as some viral and bacterial pathogens. The World Health Organization estimates that the scope of leishmaniasis includes more than one million new cases and as many as 30,000 deaths each year (WHO 2013) . Until vaccines become widely available, improved vector control methods will be needed.
The use of pheromones could be valuable for improving sand ßy control strategies. For the New World sand ßy Lutzomyia longipalpis (Lutz and Neiva, 1912) , an oviposition pheromone (Dougherty and Hamilton 1997) and a volatile mating pheromone (Spiegel et al. 2005 ) have been identiÞed. There is some evidence for mating pheromones in the Old World sand ßy Phlebotomus papatasi (Chelbi et al. 2011) , and a P. papatasi female aggregation pheromone has been suggested (Schlein et al. 1984) . However, no pheromones have yet been chemically identiÞed in this species. Phlebotomus males lack the pheromone-secreting tergal glands found in Lutzomyia sand ßies (Spiegel et al. 2002) . Nevertheless, recent studies of courtship show antennal contact occurring before mating (Chelbi et al. 2012) . For example, the male moves his abdomen up and down, and immediately the female approaches and contacts the male.
Contact pheromones can be more difÞcult to characterize than volatile pheromones because some types of polar molecules do not become sufÞciently volatile upon heating to analyze by gas chromatography unless they are derivatized. However, advances in high resolution mass spectrometry have largely eliminated this problem. Substances separated by reversed-phase high-performance liquid chromatography (HPLC) can be eluted into an electrospray mass spectrometer, and the mass can be measured to a few parts per million accuracy by Fourier-transform methods (Makarov et al. 2006) . This is sufÞcient accuracy to determine the exact molecular formula of each component in a complex mixture. In addition, each component can be broken into fragments that provide molecular structure information.
We report here the analysis of polar lipids extracted from the external exoskeletal surface of P. papatasi sand ßies. We have identiÞed several potential leads for a male mating pheromone.
(WRAIR, Silver Spring, MD). Larvae were fed with a sand ßy larval diet, a composted mixture of rabbit feces and rabbit food (Young et al. 1981) . Male and female ßies in the cage were fed daily with 30% sucrose water after emergence. Both larvae and adult ßies were maintained at 26 Ϯ 2 ؇C and a relative humidity (RH) of 85 Ϯ 2% in an environmental chamber. Female sand ßies were blood fed by exposing a population of 3-to 7-d adult male and female sand ßies in a cage to blood feeders Þlled with deÞbrinated cattle blood for 2 h using an in vitro membrane feeding system.
Two hours after blood feeders were removed from the sand ßy cage, 20 male and 20 blood-fed female sand ßies were removed from the cage and placed in glass vials. In addition, 20 nonblood-fed females (hereafter referred to as unfed females) were removed from a separate cage and placed in a glass vial. The ßies in each group were anesthetized with CO 2 and then soaked in 5 ml pentane for 5 min. Extracts were transferred to clean vials and dried under a gentle stream of N 2 . The extracts were reconstituted in isopropanol before HPLCÐ electrospray ionization tandem mass spectrometry. Analyses were conducted on a Q Exactive mass spectrometer (Thermo Fisher, San Jose, CA) with a PicoChip Nanospray Source (New Objective, Woburn, MA) and a PicoChip column (Atlantis dC18; 150 m by 105 mm; 3 m particles; Waters, Milford, MA). The on-line separation was performed on a rapid separation nano HPLC system (Thermo Fisher/Dionex, Sunnyvale, CA). The HPLC conditions wereÑmobile phase A, acetonitrile/water (40: 60) containing 10 mM ammonium acetate; mobile phase B, acetonitrile/isopropanol (10:90) containing 10 mM ammonium acetate; ßow rate, 1 l/min; gradient, 10 to 60% B over 5 min, 60 to 99% B over 28 min, and held at 99% B for 15 min. Data-dependent tandem-MS scans were performed using one full MS scan (m/z [mass/charge] 200 Ð2000; 70,000 resolution [m/z 300]) followed by fragmentation in the higherenergy collisional dissociation collision cell of the six most abundant ions in the precursor scan using a normalized collision energy of 35 arbitrary units and mass analysis in the orbitrap at 17,500 resolution. Separate analyses were conducted using electrospray positive and negative ion detections.
Progenesis CoMet (Nonlinear Dynamics Limited, Newcastle, UK; http://www.nonlinear.com) software was used to process the Thermo raw data Þles. Peak alignment and integration were performed, and the relative abundance was generated to obtain fold change statistics between blood-fed females, unfed females, males, and a solvent blank. In addition, total ion current chromatograms were displayed in Xcalibur software (Thermo Fisher, Waltham, MA) and inspected in 10 m/z ranges from 200 to 1000. Peaks with m/z values corresponding to formulas of molecular ions within the expected 5-ppm mass error were tabulated and searched in METLIN (http://metlin. scripps.edu/index.php) and lipid maps (http://www. lipidmaps.org/data/structure/). The putative lipid identiÞcations were manually veriÞed through examination of the MS/MS spectra. In most cases, many isomers are possible, and further chemical analysis will be necessary to establish the exact chemical structures.
Results and Discussion
The most abundant polar lipids identiÞed in the surface solvent extracts of P. papatasi are shown in Table 1 . Molecular formulae were obtained from the high resolution mass spectra molecular ions. In cases where several formulae Þt the molecular ion, the table indicates the formula with a mass error closest to the instrument calibration (approximately Ϫ4 ppm for positive ions and 0 ppm for negative ions). For some molecules, several different molecular ions were detected (e.g., [MϩH] 
, and in these cases, the table shows data for only one. Tentative molecular identiÞcations are given for those molecules supported by fragment ions in the MS/MS spectra. The main fragments identiÞed are given in Supp Table 1 (online only). QuantiÞcation is estimated based on comparisons of the total ion current, which is proportional to both the amount of molecule and also the efÞciency of ionization. The total ion chromatograms for the main positive ions are shown in Supp Fig. 1 (online only) and Supp Table 2 (online only). The lipids most likely are present on the cuticle surface, but some substances may be derived from interior cavities, as discussed below.
The major surface polar lipid found in both males and females was heptacosanediol. Additional diols were found in smaller amounts in both males and females: dotriacontanediol, nonacosanediol, pentacosanediol, and octacosanediol. Long-chain diols have been considered rare constituents of insect cuticlar lipids (Blomquist and Bagnè res 2010) . However, these substances may be difÞcult to detect by GC/MS methods. A recent analysis of Drosophila melanogaster cuticular lipids by UV-laser desorption ionization time-of-ßight mass spectrometry showed many hydroxyl-modiÞed hydrocarbons, including diols (Yew et al. 2009 ).
Several free fatty acids were also abundant constituents of the P. papatasi surface polar lipids: octadecenoic acid, hexadecenoic acid, octadecadienoic acid, and tetradecenoic acid. Previously, dodecanoic acid was identiÞed as the oviposition pheromone of L. longipalpis (Dougherty and Hamilton 1997) . Among the fatty acids, heneicosenoic acid was observed in blood-fed and unfed females to about the same extent, but the amount was more than twofold lower in males. This suggests the possibility that heneicosenoic acid could be a constituent of a female pheromone.
Aside from the long-chain diols and fatty acids, unfed females had much smaller amounts of surface polar lipids than blood-fed females and males. For example, we observed relatively high levels of some triacyl-and diacylglycerols in blood-fed females and males (DG(12: of the identiÞed components were actually contaminants directly transferred to the cuticle from food, or released from the crop or rectum during solvent extraction. However, it seems unlikely that the DGs and TGs found at similar high concentrations on blood-fed females and males could have been directly transferred from food contact, because males and blood-fed females were fed on different food sources. The minor constituents of the surface polar lipids included various esters containing short-chain alcohols (propyl dodecanoate, propyl tetradecenoate, propyl tetradecanoate, propyl hexadecenoate, propyl hexadecanoate, propyl octadecatrienoate, propyl octadecadienoate, and butyl octadecanoate). Most of these esters were at higher levels in blood-fed females than males, and in many cases the amounts in unfed females were very low. In addition, three wax esters were identiÞed (tetradecenyl hexadecenoate, hexadecenyl octadecadienoate, and hexadecyl octadecenoate). These were also more abundant in bloodfed females than in males, and levels were very low in unfed females. Several monoacylglycerols were detected (12-, 14-, 16-, and 18-carbon chains) , with MG(12:0:0:0) and MG(14:1:0:0) more abundant in blood-fed females.
Many hydroxy fatty acids were identiÞed at relatively low levels (dihydroxyhexadecanoic acid, dihydroxyoctadecadienoic acid, dihydroxyoctadecenoic acid, dihydroxyoctadecanoic acid, hydroxyeicosatetraenoic acid, trihydroxyoctadecatetraenoic acid, and trihydroxyoctadecanoic acid). All were at higher levels in blood-fed females than in males or unfed females, and the two trihydroxy acids were nearly undetectable in males and unfed females. Hydroxy fatty acids previously have been found at high levels in honey bee royal jelly (Isidorov et al. 2012) , and also as O-acetylated fatty acyl chains of glycerides in the oviposition pheromone of Culex mosquitos Osgood 1972, 1973) .
Several sterols were identiÞed at low levels that were similar in females and males (cholestendione, ergostadienol, ketocholesterol, and cholestanolone) . A very low level of hydroxycholestenol carboxylic acid was found in blood-fed females, but not in unfed females or males. Because insect sterols are entirely derived from food sources, the low amounts of sterols in our analysis adds further support to the inference that direct contamination of the cuticle by food contact is minimal.
Lysolipids (Supp Fig. 2 (online only)) were found in blood-fed females at higher levels than in unfed females or males. Phospholipase A2 is known to be expressed in salivary glands of Phlebotomine ßies (Ribeiro et al. 2010) , and thus the lysolipids may reßect the recent feeding activity of the females. A residual amount of lysolipids may remain on the mouthparts after feeding. Alternatively, it is possible that the lysolipids are part of a secretion intended to be used to protect the eggs: previously, lysoPE was identiÞed in house ßy larvae and found to have antibiotic activity (Meylaers et al. 2004) .
N-acyl glycine was found on blood-fed females (dihydroxyhexadecanoyl, Supp Fig. 3 (online only) , and dihydroxyoctadecanoyl), with only traces on unfed females or males. N-acyl glutamine is known as a constituent of the saliva of phytophagus caterpillars (Alborn et al. 1997) . It is possible that female sand ßies use N-acyl glycine in a function involved with feeding, as N-acyl amino acids are likely to be surfactants.
Four substances were detected on males at approximately twofold or higher levels than on females: tetradienoic acid, methoxyhexadecasphinganine (Supp Fig. 4 (online only)), butyl octadecanoate, and DG(14:1/12: 0/0:0). In future experiments, these compounds will be tested in behavioral bioassays for activity as contact or short range male mating pheromones. The sphinganine derivative is particularly intriguing, as it was recently shown that serine palmitoyltransferase is required for male meiotic cytokinesis in D. melanogaster (Guan et al. 2013) . Serine palmitoyltransferase catalyzes the Þrst step in sphingolipid biosynthesis, so the sphingolipid pathway is probably highly active during spermato- genesis. An interesting possibility is that methoxyhexadecasphinganine is produced in proportion to the spermatogenesis activity of a particular male. Thus, it could signal to females information about a maleÕs sperm content.
